Digital textile printing has become one of the most important manufacturing processes for mass customization of clothing goods, especially for shortrun prints. In this method, high color strength and fastness are very important. In this study, the optimization of the printing process was investigated using the Taguchi method. To determine the optimum conditions for color strength and fastness, two types of multiple characteristic parameter design methods were used, including the single characteristic value conversion method and the minimum-maximum selection method. Both methods suggested better conditions than currently used methods.
INTRODUCTION
Until recently, customers had little choice other than ready-made goods offered by manufacturers. In the near future, customer oriented mass customization will become one of the most important trends in many manufacturing industries.
Bae claimed that DTP (Digital Textile Printing) is suitable for mass customization in garment the industry [1] . However, DTP is not so suitable for mass production because of low productivity and relatively high cost compared to conventional printing processes. For commercial textile products, good strength and fastness of color are necessary. Therefore most studies on DTP focused on the pre and post-processing of fabric, as well as modification of additives to increase color strength and fastness [2] . Yuen et al. used cotton fabric and reactive dye ink to determine the optimum printing condition for each color [3] . Yang et al. tried to find the optimum steaming condition including process time and temperature for reactive dyes [4] .
In such previous studies, it has been revealed that pre-process and in post-process steaming significantly affects color strength and fastness. However, there has been little research on the optimization of the overall printing process.
In this study, Taguchi method was used to find the overall optimum printing condition. Although the Taguchi method is widely used in many research fields, there have been few applications in garment manufacturing process. Park et al. used the Taguchi method to find sewing conditions that minimize the seam pucker [5] . Yoon et al. used an expert system and the Taguchi method to find the bonding conditions that maximize the delamination strength of fusible interlinings [6] .
Color strength and fastness were used as the characteristic values for Taguchi analysis. However, the Taguchi method is primarily suited for single characteristic value problems and does not easily handle multiple characteristic values [7] [8] [9] [10] [11] . To solve this multiple-characteristic value problem, two methods were implemented in this study-single characteristic value conversion and minimummaximum selection method.
Single Characteristic Value Conversion Method
This is a method in which multiple characteristic values are converted into a single value. The average of normalized characteristic values becomes a new characteristic value and is used for single characteristic value problem as follows [7] . First, experiments are designed considering the number and level of each parameter. Next, S/N (Signal to Noise) ratio is calculated for each experiment. Then, parameters that significantly affect the S/N ratio are chosen through statistical analysis such as ANOVA (analysis of variance). The levels of chosen parameters are adjusted so the S/N ratio is maximized. Other parameters are designed considering the cost or convenience of application. Finally, verification experiments are performed with the parameters chosen in the previous step to prove whether the parameter design is successful or not.
Minimum-Maximum Selection Method
This is a method in which the overall optimum condition is determined after choosing the optimum level for each characteristic value. First, the optimum level for each characteristic value is chosen according to the single characteristic value parameter design process. Then, conflicting parameters that have different optimum levels among characteristic values are chosen. The optimum levels of non-conflicting parameters are determined by considering the S/N ratio of each characteristic value and the average of nominal-the-best characteristics. Then, S/N ratios are normalized and compromised for conflicting parameters. There are two methods in this step. One is the elimination of the minimum value and the other is the selection of the maximum value. In the former method, the minimum value of normalized S/N ratio is selected and the level including this value is eliminated. This prevents the worst case scenario where the optimum level of a characteristic value has the worst influence on the S/N ratios of other characteristic values. In the latter method, the maximum value of normalized S/N ratio is selected and the level including this value is selected. Finally, the optimum level for each parameter is determined.
EXPERIMENTAL DESIGN Digital Textile Printing Materials
Cotton twill fabrics were used for experiment. Eight colored reactive dyes were used in printing including cyan, magenta, yellow, black, light cyan, light magenta, light yellow, light black (Shima Seiki, Japan).
Pre-process
Pre-process increases the sharpness, strength, and fastness of color on final product by preventing the over spreading of ink. Specimens were soaked in the cotton preprocessing agent DTP for one hour. They were then pad-dried according to the level of each experiment point. Pick-up ratio was calculated using Eq. (1), (1) where, w 0 = specimen weight before preprocess and w = specimen weight after preprocess Printing Cyan, magenta, yellow, and black patches were printed on the preprocessed fabric using SIP-100F textile printer (Shima Seiki, Japan).
Post-processes
Post-processes include steaming, washing, and drying. Steaming is used for fixing the dye on the printed fabric. The temperature, pressure, and time should be determined for optimum results. In this study, a SIP-SSM100 steamer (Shima Seiki, Japan) was used followed by washing and drying to eliminate the excessive dye.
Evaluation of Color Fastness to Washing
Color fastness to washing was evaluated according to ISO-105-C06 (A2S). The color degradation was measured by a CCM (Color coordinate measurement) apparatus.
Determination of Factors and Levels
There are various factors affecting the f k (apparent color strength) value and wash fastness. However, four factors which could be controlled easily were chosen in this study. Those include pre-process pickup ratio (A), postprocess steaming temperature (B), pressure (C), and time (D). The number of level for each factor was determined as three according to the preparatory experiments. The factors and their levels are as shown in Table I . (3 4 ) Orthogonal Array Table. A B C D y1 y2 y3
Characteristic Value (fk value / fastness) Exp. No.
Factors and Levels (treatment conditions)
Each experiment was repeated for three times. Both f k and wash fastness values were larger-the-best characteristic value and the S/N ratio of each experiment was calculated using Eq. (2). (2) where, y ij = jth characteristic value of ith experiment and n = repeat count of y in an experiment
In the Taguchi method, S/N ratio is equal to the inverse of expected loss. Therefore, expected loss decreases as S/N ratio increases. In this study, f k and wash fastness were chosen for characteristic value y and 9 S/N ratios were calculated using three characteristic values, which were measured three times for each experiment. A total of eight characteristic values were chosen including four values of f k (cyan, magenta, yellow, and black) and four values of wash fastness (cyan, magenta, yellow, and black).
RESULTS AND DISCUSSION Single Characteristic Value Conversion Method Parameter Design
In the single characteristic value conversion method, the average of eight normalized characteristic values becomes a new characteristic value. The averaged normalized characteristic values and S/N ratio calculated from them are as shown in Table III . The results of the analysis of the S/N ratio are as shown in Table IV . The cause and effect diagram at each level is as shown in Figure 1 . The sum of square of factor D had the largest value of 0.972. Error was not chosen for a factor and factor B with relatively small sum of square was pooled to error. The results of F-test are shown in Table V . As shown in Table V , factors C and D could be considered to be meaningful. Therefore, steam pressure and time were considered to be the factors affecting the color strength and wash fastness. The optimum condition was C3 D1 where S/N ratio of each factor becomes largest, in other words, steam pressure of 0.18Mpa and time of 10 minutes.
Prediction of Average and Confidence Interval under Optimum Condition
S/N ratio at optimum experiment can be predicted using Eq. (5). The S/N ratio of the experiment performed under the suggested optimum condition was 0.637, which was within the predicted range
Comparison of Expected Loss
The expected losses of current and the optimum condition found by the single characteristic value conversion method were compared. The current condition was experiment 2 in Table III and its S/N ratio (SN C ) was -0.174. The predicted S/N ratio at the optimum condition (SN O ) was 0.596. The comparison of expected losses can be done using Eq. (7). (7) L is the expected loss of characteristic value and it means the variance of characteristic value. In this case, expected loss of current condition is 1.19 times larger than that of the optimum condition, which means that color strength and fastness have been improved. Figure 3 is the cause and effect diagram. The sum of square of Factor C had the largest value of 0.932. Factors B, C, and D with relatively small sum of square values were pooled to error. The results of the F-test are shown in Table XI . As can be seen in Table XI , Factor C (steaming pressure) was statistically valid. The condition that maximized the wash fastness was C1, steaming pressure of 0.10MPa. Similar analysis process has been applied to other colors as follows:
B. Wash fastness results for magenta color The only factor that affects the wash fastness of magenta color was pre-process pick-up ratio. The condition that maximized the wash fastness was A3, pre-process pick-up ratio of 90%.
C. Wash fastness results for yellow color
The only factor that affects the wash fastness of magenta color was the pre-process pick-up ratio. The condition that maximized the wash fastness was A3, pre-process pick-up ratio of 90%. 
Classification of Factors
The S/N ratio and optimum level of each characteristic value are as shown in Table XIII . As can be seen, C was the only conflicting factor in this experiment, which had different optimum level between f k and wash fastness. To resolve such conflict, two methods were used. One method was the elimination of the minimum value, where the levels including the minimum S/N ratio are eliminated. In this case, level 1 with the minimum value of 0.967 was eliminated. The other method was the selection of the maximum value, where the levels including the maximum value are selected. In this case, level 1 with the maximum value of 1.031 was selected.
Fortunately, the same level was selected by both methods in this case. However, as the minimum value can cause imperfections in most textile processes, the minimum value elimination method seems more suitable in this case. The selected optimum condition after compromise was A3 C1 D1.
Prediction of Average and Confidence Interval of S/N Ratio under Optimum Condition
To compare the results with those from the single characteristic value conversion method, the average S/N ratio at optimum experimental condition was calculated using Eq. (8). 
Comparison of Expected Loss
Expected losses of the current condition and the optimum condition found by minimum-maximum selection method were compared using Eq. (10). The current condition is experiment 2 with S/N ratio of -0.174 (SN C ). S/N at the optimum condition was predicted to be 0.326 (SN O ).
(10)
L is the expected loss of characteristic value, which is the variance of the characteristic value. Therefore, the expected losses of color strength and wash fastness were 1.12 times bigger at current condition than those at the optimum condition.
Comparison of Two Methods

Quantitative Comparison
The improvement effect of the determination of the optimum condition is as shown in Table XV . The Single characteristic value conversion method showed more improvement than the minimummaximum selection method. 
Qualitative Comparison
In the minimum-maximum selection method, the optimum condition for each characteristic value was calculated and the minimum and maximum values of each characteristic value were considered while determining the overall optimum condition. However, in the single characteristic value conversion method, all the values were converted into a single value and therefore it was impossible to take into account of individual characteristics of each value. Although the single characteristic value conversion method showed better results, the improvement would be invalid if any of the characteristic values had an imperfection. Therefore, it could be dangerous to deal with the multiple parameter design using the single value conversion method only.
CONCLUSION
In this study, the Taguchi method was used to find the optimum conditions for DTP processing. Color strength and wash fastness were chosen as characteristic values and two kinds of multiplecharacteristic value analyses were performed to find the conditions that satisfy both criteria. According to the single characteristic value conversion method, the optimum process condition was steam pressure of 0.18MPa, with a processing time of ten minutes. According to the minimum-maximum selection method, the optimum condition was steam pressure of 0.10MPa, with a processing time of ten minutes. The single characteristic value conversion method thus proved to be more efficient compared to the minimum-maximum selection method. However, there is a serious drawback to the single characteristic conversion method-the whole result could be rendered meaningless if any of the characteristic values resulted from failed experiments. Therefore, the single characteristic value conversion method would be better only if the zero failed process condition were guaranteed. Otherwise the minimummaximum selection method would be more suitable. 
